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a b s t r a c t 

Pollen is one of nature’s most resilient materials and widely used as chemically stable environmental 

markers and in drug delivery. Recent findings show that a simple alkali treatment, similar to traditional 

soapmaking, can convert hard pollen grains into soft microgel particles, which exhibit stimuli-responsive 

changes in size and mechanical properties. Surface-based measurement approaches offer excellent po- 

tential to monitor these stimuli-responsive behaviors, however, such methods are encumbered by weakly 

adsorbing, free-flowing microparticles and a tendency for the microparticles to aggregate on substrates. 

Here, we demonstrate a facile approach to pattern soft pollen microparticles and track stimuli-responsive 

behaviors in situ based on a combination of chemical functionalization and scanning probe manipulation 

of individual microparticles. First, we prepared an amine-functionalized glass substrate that can cova- 

lently attach to carboxylic acid functional groups on the microparticle surface, tethering the particles sta- 

bly. Second, we used a scanning probe cantilever to pick up and move individual microparticles to specific 

locations on the functionalized glass surface. Various patterns of well-separated, tethered microparticles 

were fabricated, including aligned arrays, hearts, and stars, and we could track the stimuli-responsive be- 

havior of individual microparticles with in situ imaging. Taken together, this patterning concept can be 

broadly utilized to manipulate various classes of intelligent microparticles across fields such as diagnos- 

tics, biosensors, drug delivery, and chemo-mechanical actuators. 

© 2020 Elsevier Ltd. All rights reserved. 

1

 

a  

l  

t  

s  

a  

a  

o  

f  

t  

m  

t  

b  

a  

l  

i  

e

 

s  

t  

m  

r  

f  

c  

t  

O  

g  

t  

c  

t  

f  

d  

h

2

. Introduction 

Pollen is known to be practically indestructible [1] and plays

 critical role in plant reproduction, protecting the internal cel-

ular materials and transferring them between different reproduc-

ive parts of plants [ 2 , 3 ]. As a part of plants’ life cycle, even the

tunning diversity in shape and structure, pollen grains are renew-

bly produced in abundant amounts [4] . For each plant species,

 particular type of pollen grain is produced that is composed

f a hollow microcapsule structure with homogenous size and

unction-driven shape and ornamental architecture [5] . In all cases,

he microcapsule structures possess a robust outer layer, which is

ainly composed of sporopollenin role of protecting genetic ma-

erial within. Sporopollenin is often regarded as the diamond of

iopolymers, possessing extreme durability, mechanical strength,

nd chemical stability to pollen grains [6] . Such properties have

ed pollen to be regarded as practically indestructible, and pollen
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s widely used as stable, content-rich markers for archaeological,

cological, and forensics applications [ 5 , 7-9 ]. 

Although there have been long effort s to chemically extract

poropollenin exine capsules (SECs) from the natural pollen grains

o study its chemical and physical structure [10-12] , the develop-

ent of exploiting pollen as a class of natural material is relatively

ecent [13-16] . Along with the growing interest to explore pollen

or applications including a template for materials fabrication [17] ,

omposite materials [18] , and drug delivery vehicles [19] , the ex-

raction of pollen shells has been modified and improved together.

ur and other groups have developed acid/base processing strate-

ies to produce pollen-derived capsules, in effect removing sensi-

ive biological materials such as proteins, polysaccharides, and nu-

leic acids while preserving the physical and chemical properties of

he sporopollenin shell [ 20 , 21 ]. Nowadays, the extraction of SECs

rom defatted pollen grains (after removal of pollenkitt) can be

one within a day [ 20 , 22 ]. In the course of developing various

cid/base treatments, we recently reported that an extended in-

ubation of defatted, cytoplasm-removed pollen grains in a strong

lkaline solution facilitates microgel assembly with natural pollen

hells [23] . Unlike SECs, the pollen material in this case included

https://doi.org/10.1016/j.apmt.2020.100702
http://www.ScienceDirect.com
http://www.elsevier.com/locate/apmt
mailto:njcho@ntu.edu.sg
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both intine and exine layers so that the polysaccharides compo-

nents such as pectin can react in strong alkaline conditions and

become the de-esterified form, pectin acid, which facilitates inter-

molecular charge repulsion and corresponding changes in packag-

ing and mechanical properties. Further, a simple casting process

transformed the microgel particles to assemble into pollen-based

paper form, which can reversibly absorb/desorb water due to the

exposed hydrophilic functional groups on the de-esterified pollen

surface [24] . 

Similar to other known stimuli-responsive polymers with the

acidic functional group [25-27] , the pollen-derived microgel par-

ticles also showed chemo-mechanical responsiveness based on

modulating the pH condition and bridging interactions with

di/multivalent cations [23] . These findings are significant because

stimuli-responsive polymers can be applied in various fields, in-

cluding diagnostics, biosensors, drug delivery systems, and chemo-

mechanical actuators [ 28 , 29 ]. Production of synthetic micropar-

ticles that can be utilized in sensitive environments is challeng-

ing due to the quality control of their size, shape, and morphol-

ogy [30-32] . The control over physical characteristics is often ac-

complished by tuning polymer synthesis ( e.g. , solvents, concentra-

tions or ratios, molecular weights, etc.) or microparticle formula-

tion steps ( e.g. , spray drying, solvent evaporation, coacervation, mi-

crofluidics, etc.), involving a large number of parameters to con-

trol [33-35] . Also, natural polymer-based microgels tend to be less

thermally stable and have irregular particle shapes and heteroge-

neous particle sizes [36-38] . These limitations hamper the utility

of existing natural materials used for microparticles. As the natu-

ral pollen particles are uniform, thermally and mechanically stable,

pollen-derived microgel particles are thus a promising candidate to

be used as a stimuli-responsive material that can replace synthetic

plastics or other inorganic materials. 

2. Results and discussion 

To utilize the stimuli-responsive behavior in sensing applica-

tions, it would be ideal to conduct surface-based measurements on

the pollen microgel particles, although there are challenges such

as the weakly adsorbing, free-flowing nature of the microparti-

cles and a tendency for the microparticles to aggregate on sub-

strates. To overcome these challenges, we have developed an ef-

fective method to pattern the soft pollen microgel particles and

track stimuli-responsive behaviors of individual particles on solid

surfaces. Our in situ imaging method is based on a combination of

chemical functionalization and scanning probe manipulation of in-

dividual microparticles. First, we prepared an amine-functionalized

glass substrate that can covalently attach to carboxylic acid func-

tional groups on the microparticle surface. The schematic illus-

trations in Fig. 1 outlines the process. As the primary objective

is to visualize pollens using microscopy, the glass coverslip was

chosen for the substrate. The clean glass coverslip was soaked

in a 2 w/v% solution of (3-aminopropyl) triethoxysilane (APTES)

to functionalize the surface as an amine-reactive film ( Fig. 1 A).

Both defatted pollen (acetone and diethyl ether-treated to remove

pollen cement) and de-esterified pollen (defatted pollen under-

going strong alkali-treatment) particles possess carboxyl groups

on their surface. Due to the de-esterification of pectin to pec-

tate, de-esterified pollens exhibit much higher content of carboxyl

groups than defatted pollens. This functional group was activated

by 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-

hydroxysuccinimide (NHS) and resulted in an amine-reactive-NHS

ester ( Fig. 1 B). Note that the buffer used in this step is 2-(N-

morpholino) ethanesulfonic acid (MES) buffer, pH 6.0, to optimize

the reaction. Then, the sample suspension was centrifuged to re-

move the supernatant containing unreacted EDC/NHS, and sub-

sequently was re-suspended in phosphate-buffered saline (PBS),
H 7.4 solution ( Fig. 1 C). As NHS ester can quickly undergo hy-

rolysis, the activated pollen sample was either used immediately

r stored after freeze-drying. Meanwhile, APTES-treated glass cov-

rslip was enclosed in a microfluidic chamber so that the sus-

ension could be injected and incubated. Finally, the covalent

mide bond was formed between pollen and APTES-treated glass

overslip. 

Next, we performed a control experiment without any chemi-

al attachment between pollens and glass coverslip. As expected,

ollens floated and were washed away with the flow, which ham-

ered a static observation during the rapid changes in solution pH

 Fig. 2 A, Video S1). In marked contrast, the formation of covalent

mide bonds between pollens and glass enabled real-time mon-

toring during the pH change as observed by time-lapsed optical

icroscopy ( Fig. 2 B, Video S2). Also, this strategy was tested us-

ng other pollen species from the eudicot clade. All tested pollen

amples were successfully immobilized onto the surface while go-

ng through pH changes ( Fig. 2 C, Videos S3-7). In all cases, when

he solution pH was changed from 12 to 2, the pollen particles un-

erwent fast de-swelling or compression while the extent of area

welling ratio varied from 63% (lotus) to 82% (camellia) with a

endency that relatively bigger particles ( e.g. , lotus) took longer to

e-swell compared to smaller ones ( e.g. , baccharis) ( Fig. 2 D). Also,

e assessed the influence of covalent bonds during swelling and

e-swelling of pollen microgel by comparing the size of pollen

rains with or without covalent bonds. The free-pollen particles

n solution-based were characterized by dynamic imaging particle

nalysis (DIPA), which captures time-lapse images while flowing

ree-particles to produce statistics including equivalent spherical

iameter (ESD) based on hundreds or thousands of individual par-

icles. The ratio of de-swelled radius over swelled radius indicated

hat the immobilization affects the behavior of some pollen micro-

el particles by restricting the extent of either or both swelling and

e-swelling processes (Table S1). This observation can be further

tudied by controlling the concentration of reagents (EDC/NHS)

nd pollen species. 

In order to apply this tethering strategy to fabricate arrays

f pattern, a scanning probe cantilever was used to control the

ocation of individual pollen particles carefully. In Fig. 3 A, the

chematic of the process is presented. A single activated pollen

article was picked up by a glycerol-covered cantilever, which is to

acilitate the viscous surface to attach the pollen particle to can-

ilever weakly. Then, the cantilever probe was moved to a desig-

ated XY position of the APTES-treated glass coverslip and was ap-

roached to the surface to make direct contact and form covalent

onds between the pollen and the glass. By repeating the proce-

ure, pollens were placed onto the desired spot, and the glass cov-

rslip was later on enclosed in the microfluidic chamber to mon-

tor the pH-responsiveness of de-esterified pollen particles. A re-

ulted full view of 5 × 7 arrays is presented in Figure S1, observed

y confocal laser scanning microscopy (CLSM). In Fig. 3 B and C, im-

obilized and aligned pollen particles were observed during the

H changes from pH 2 to pH 12 and from pH 12 to pH 2. In a

ow pH of 2, the size of pollen particles ranged 35 μm, and they

well upon the increase of pH to 12, whereby the maximum diam-

ter was over 50 μm. The whole swelling/de-swelling process was

ully reversible. 

Next, a heart-shape patterned pollen array was characterized

y epifluorescence microscopy ( Fig. 4 A). As natural pollen parti-

les exhibit multispectral autofluorescence characteristics due to

he presence of chemical compounds such as phenolics and ter-

enoids [18] , pollens were visualized by green channel (Ex 480/40,

m 535/50). The line fluorescence intensity (F.I.) profile from data

A) overtime was characterized and presented in Fig. 4 B. The F.I.

as normalized by t = 0, and the minimum F.I. was observed

round 17 s to 1.0 and 0.0 a.u., respectively. When pH increased to
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Fig. 1. Schematic illustration of pollen immobilization strategy. (A) The glass coverslip was soaked in a 2 w/v% solution of (3-aminopropyl) triethoxysilane (APTES) to 

functionalize the surface as an amine-reactive film. (B) Both natural pollen and de-esterified pollen particles possess carboxyl groups on their surface, which can be activated 

by 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS) and resulted in an amine-reactive-NHS ester. Note that the buffer used in this 

step is 2-(N-morpholino) ethanesulfonic acid (MES) buffer, pH 6.0, to optimize the reaction. (C) The suspension was centrifuged to remove the supernatant containing 

unreacted EDC and NHS. Then, the activated pollen samples were re-suspended in phosphate-buffered saline (PBS), pH 7.4 solution to be either used immediately or stored 

after freeze-drying. After incubation, a covalent amide bond was formed between pollen and APTES-treated glass coverslip. Of note, unreacted NHS esters on pollen surface 

quickly undergo hydrolysis and return to its original form, carboxyl group. 
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2, or in other words, as the sizes of pollen grains increased, the

.I. dropped because the pollen particles were out of focus as they

well. The observation is then numerically analyzed in the surface

lot with normalized F.I. ( Fig. 4 C). Likewise, the physical changes

f tethered pollen microparticles can be read out to certain signals,

hich can be potentially applied in diagnostics or biosensors. 

. Conclusion 

Taken together, we have demonstrated a facile approach to fab-

icate tethered arrays of well-separated, pollen-derived microgel

articles and directly observe environmentally triggered stimuli-

esponsive behavior in situ . Our tethering strategy involving chem-

cal functionalization is simple and broadly applicable to vari-

us classes of polymeric microparticles at solid-liquid interfaces.

his colloidal strategy is also compatible with microprinting to

reate on-demand patterns of well-defined shape and density.

ince pollen-derived microgel particles can be utilized as stimuli-

esponsive smart materials that might replace synthetic polymers,

ur findings also open the door to create new classes of bio-

riendly sensors and actuators based on intelligent microparticle

esigns. 
. Materials and methods 

.1. Pollen materials and defatting 

Defatted sunflower ( Helianthus annuus L.) and baccharis ( Bac-

haris halimifolia L.) pollen grains were purchased from Greer Labs

Lenoir, NC, USA). Non-defatted, bee pollen granules of camel-

ia( Camellia Sinensis L.), lotus ( Nelumbo nucifera ), poppy ( Papaver

hoeas ), and sumac ( Rhus chinensis ) were purchased from Yuen-

un Biological Technology Co., Ltd. (Xi’an, Shaanxi, China) (camel-

ia), Peffer Industrial Co., Ltd. (Zhengzhou, Henan, China) (lotus and

oppy), and Fengzhixiang Apiculture Co. Ltd. (Zhengzhou, Henan,

hina) (sumac), respectively. The bee pollens went through the de-

atting process to remove pollenkitt, which is an oily layer covering

he pollen grain as previously described [39-41] . First, 250 g of bee

ollens were refluxed in 500 mL of acetone for 3 h under mag-

etic stirring (220 rpm) at 50 °C. Then, acetone was decanted, and

 L of 50 °C deionized water was added to the sample and stirred

or 1 h. The pollen suspension was passed through 300 μm di-

meter pores nylon mesh and subsequently passed through 6 μm

iameter pores filter paper in a vacuum filtration system. Next, the

ollen sample was hydrated with 1 L of 50 °C deionized water

ith magnetic stirring for 30 min and then vacuum filtered again.



4 S. Park, H. Chin and Y. Hwang et al. / Applied Materials Today 20 (2020) 100702 

Fig. 2. Time-lapsed optical microscopy observation of stimuli-responsive de-esterified pollen particles immobilized on the surface. (A) The sunflower pollen particles without 

covalent tethering onto the surface. In the absence of covalent bonds, pollen grains floated and were washed away with the flow. (B) After the formation of covalent amide 

bonds between pollens and glass, pollens were firmly attached to the surface and could be monitored under flow conditions. (C) Other pollen species from the eudicot clade 

were also tested to be tethered onto the surface following the same procedure as well as to monitor the pH-responsive behavior. All tested pollen samples were successfully 

immobilized onto the surface while going through pH changes and swelling/deswelling processes. All scale bars are 50 μm (note the differences in each case). (D) Several 

quantitative comparisons of pH-induced pollen de-swelling behavior. Mean ± s .d. are reported from n = 3 particles, and the area swelling ratio was normalized by the initial 

area at pH 12. 

 

 

 

 

 

 

 

 

 

 

 

w  

t

4

 

c  

e  

o  

s  

t  
Then, the resulting pollen particles were refluxed in 0.5 L of 50 °C
acetone with magnetic stirring (400 rpm) for 3 h. Afterward, ace-

tone was removed by vacuum filtration, and pollen samples were

transferred to a glass petri dish and left to dry in a fume hood.

After 12 h, dried pollen sample (20 g) was dispersed in 0.25 L of

diethyl ether with magnetic stirring (400 rpm) at room tempera-

ture for 2 h. This diethyl ether defatting step was done twice, and

fresh diethyl ether was used in each cycle. Removal of diethyl ether

was done by vacuum filtration. After washing with diethyl ether

twice, the pollen sample was dispersed in fresh diethyl ether and

left to stir (400 rpm) overnight at room temperature. Diethyl ether
as then removed by vacuum filtration, and the pollen sample was

ransferred to a petri dish and air-dried in a fume hood for 12 h. 

.2. Preparation of de-esterified pollen particles 

The detailed information of pollen materials and defatting pro-

ess can be referred to Supporting Information. The pollen shell

xtraction was done by mixing 2 g of defatted pollen with 20 mL

f 10 w/v% KOH under magnetic stirring at 400 rpm. The pollen

uspension was refluxed (2 h, 80 ◦C) with stirring at 200 rpm,

hen was centrifuged (5 min, 4500 rpm) to remove the super-
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Fig. 3. Schematic illustration and optical microscopy observation of sunflower pollen arrays fabricated using AFM cantilever. (A) An AFM was employed to manipulate 

pollen particles. The individual pollen particles were picked up by glycerol-soaked cantilever and placed onto the desired location, thus subsequently immobilized by covalent 

bonds. After the whole process, the glass coverslip was enclosed within a microfluidic flow-through chamber, and then the liquid solution was introduced to monitor the 

stimuli-responsiveness. (B) Individual pollen particles were manipulated by AFM cantilever to form an alignment. Then, pH-dependent behavior was observed during the 

solution pH changes from pH 2 to 12, and from pH 12 to 2. The pollen particles swelled and de-swelled upon increasing and decreasing pH conditions, respectively. (C) The 

same technique was used to fabricate the star-shaped array. All scale bars are 50 μm. 
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Fig. 4. Epifluorescence observation of heart-shape patterned de-esterified pollen grains exhibiting pH-responsive behavior. (A) The heart-shaped pattern was fabricated 

and observed using epifluorescence microscopy. Natural pollens exhibit multispectral autofluorescence characteristics due to the presence of chemical compounds such as 

phenolics and terpenoids. The scale bar is 50 μm. (B) The line fluorescence intensity (F.I.) profile from data (A) over time. The F.I. was normalized by t = 0, and the minimum 

F.I. observed around 17 s to 1.0 and 0.0 a.u., respectively. When pH increased to 12, the F.I. dropped as pollen grains’ sizes increased. (C) Surface plot of the pollen grains at 

pH 2 and 12. 
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natant, which includes cytoplasmic materials. Then, fresh 40 mL of

10 w/v% KOH was added, and the mixture was vortexed (2 min),

followed by centrifugation (5 min, 4500 rpm). After repeating this

strong alkali washing step for 5 times, the supernatant was finally

decanted. As for the final step, the weakly de-esterified, cytoplasm-

removed pollen particles were incubated in 10 w/v% KOH condi-

tions (6 h, 80 ◦C) without any stirring. Then, the pollen particles

were separated by centrifugation (5 min, 4500 rpm), then repeat-

edly washed with 40 mL of deionized water to reach its pH level

to 7.5. The resulting pollen suspension was collected by the last

step of centrifugation and supernatant removal and then stored at

4 °C for further usage. Notably, fully de-esterified pollen particles

in water showed gel-like properties. 

4.3. EDS/NHS activation of pollen particles 

The carboxyl acid functional groups on the surface of

pollen particles were activated by treatment with1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC, Sigma-

ldrich) and N-hydroxysuccinimide (NHS, Sigma-Aldrich). First,

pollen samples (~20 mg) was dispersed in 0.5 mL of 100 mM

2-(N-morpholino) ethanesulfonic acid (MES, Sigma-Aldrich) buffer

(0.5 M NaCl, pH 6.0). Then, EDC (5 mg) and NHS (15 mg) were
dded to the pollen suspension and quickly mixed with vortex-

ng. After an incubation period of 30 min on a rocking platform

haker, the suspension was centrifuged (1500 rpm, 5 min) in or-

er to remove the supernatant containing unreacted EDC and NHS.

hen, 0.5 mL of PBS (pH 7.4) was added to re-suspend the pollen.

mmediately after resuspension, the pollen samples were either

sed immediately or frozen by liquid nitrogen and placed in a

reeze-dryer under 0.008 mbar vacuum pressure for 4–6 h. Freeze-

ried pollen samples were stored in a dry cabinet until further

se. 

.4. APTES-treated glass coverslips 

Before the experiment, glass coverslips (25 mm × 75 mm, Ibidi

mbH, Germany) were sequentially rinsed with water and ethanol,

ried with a stream of nitrogen gas, and treated with oxygen

lasma for 1 min using an Expanded Plasma Cleaner (PDC-002,

arrick Plasma, USA). After cleaning, the glass coverslips were im-

ediately soaked into a 2 w/v% solution of (3-Aminopropyl) tri-

thoxysilane (APTES, Sigma-Aldrich) in 95% ethanol to function-

lize the surface. After 30 min, the coverslips were sequentially

insed with deionized water and 95% ethanol for a total of 3 times

efore drying with a stream of nitrogen gas. 
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.5. Controlled manipulation of pollen particles using a scanning 

robe 

An NX-10 atomic force microscope (AFM) (Park Systems, Su-

on, South Korea) was employed to immobilize chemically acti-

ated pollen particles to an APTES-coated glass coverslip surface.

n aluminum reflex-coated PPP-NCHR silicon cantilever (Nanosen-

ors, Neuchâtel, Switzerland) with a spring constant of ~42 N/m

as used. First, the cantilever was rinsed with water and ethanol

nd dried with a stream of nitrogen gas. Then, to render the sur-

ace of cantilever hydrophilic, it was treated with UV light (PSD-

V4, Novascan) for 2 h. Then, the cantilever was immediately

ipped into an aqueous solution of 10 v/v% glycerol for 90 min.

fterward, the activated pollen particles were dispersed on a bare

lass coverslip, and individual particles were picked by using the

antilever scanning probe. Using an optical microscope with the

bjective lens focused on the glass coverslip surface, the cantilever

ip was placed in direct contact with individual pollen particles

o facilitate noncovalent attachment, which was aided by glycerol.

fter moving the XY stage of the measurement platform to the

PTES-treated coverslip, the single pollen particle was covalently

mmobilized by approaching the cantilever probe to the surface.

nce the pollen particle was firmly immobilized on the function-

lized coverslip and the cantilever probe was released, the XY co-

rdinates were recorded in order to facilitate spatially controlled

mmobilization of subsequent particles following the same proce-

ure. 
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